The mechanisms underlying the response of the brain to ischemia are not fully understood. Biochem ical and morphological changes following neocortical in farction can be investigated in rats using a model of focal cerebral ischemia induced by unilateral occlusion of the middle cerebral artery (MCA). Evaluation of ischemic damage often employs conventional histologic stains. Im munocytochemistry can be used as a valuable tool in this model to define changes in specific proteins of interest. In this study, an antiserum raised against insulin-like growth factor II (IGF-II) receptor was used to evaluate changes of IGF-II receptor immunoreactivity in the cerebral cor tex of rats 4 and 7 days following permanent MCA occlu sion. IGF-II receptor immunoreactivity was found to be associated with neocortical pyramidal neurons within the core of the ischemic infarct itself. The staining intensity Brain infarcts due to cerebrovascular disease are very common and lead to permanent neurological impairment of afflicted individuals. The mecha nisms underlying the response of the brain to isch emia are not well understood. Neuropathologic evaluation of brains from stroke patients has shown that localized lesions are a consequence of de creased blood flow to a discrete arterial territory. Stroke is one of the few adult onset neurodegener ative conditions in which a suitable animal model exists.
Brain infarcts due to cerebrovascular disease are very common and lead to permanent neurological impairment of afflicted individuals. The mecha nisms underlying the response of the brain to isch emia are not well understood. Neuropathologic evaluation of brains from stroke patients has shown that localized lesions are a consequence of de creased blood flow to a discrete arterial territory. Stroke is one of the few adult onset neurodegener ative conditions in which a suitable animal model exists.
The middle cerebral artery occlusion (MCAO) model of stroke in the rat is widely used and has was markedly elevated above that observed in nonisch emic neurons. Immunopositive neurons exhibited a punc tate staining pattern. These neurons appeared to corre spond to argentophilic neurons, as defined by modified Bielschowsky silver staining. Evaluation of other neuro nal markers revealed the absense of immunoreactivity for neuron-specific enolase and for tyrosine hydroxylase within the ischemic area. These observations show an increase in a specific growth factor receptor within neu rons in the ischemic core of a focal infarct several days following permanent focal infarction, a time when neu rons are presumed to be dead. The significance and the potential role of IGF-II receptor in lesion-induced plas ticity are discussed. Key Words: Focal ischemia Immunocytochemistry-Insulin-like growth factor II re ceptor-Middle cerebral artery occlusion-Rat.
proved useful in evaluating putative therapeutic agents for treatment of human cerebrovascular oc clusive diseases. The MCA can be occluded perma nently or transiently, with the latter used to model occlusion/reperfusion injury. Occlusion of the MCA in spontaneously hypertensive rats (SHR) results in a large and highly reproducible infarct in the cere bral cortex (Ginsberg and Busto, 1989; Barone et aJ., 1992) . This model has been used extensively for investigations into the pathogenesis and evolution of cerebral infarction as well as the discovery of potential pharmacological agents. Progress made in experimental stroke research has led to potential therapeutic improvements by a variety of drugs given up to several hours after vascular occlusion. Specific molecular mediators that likely play a piv otal role in the pathophysiology of ischemia include glutamate, calcium, nitric oxide, and oxygen free radicals. The description of the histopathological and biochemical response of the brain to focal isch emia is still emerging.
Insulin-like growth factors I and II (IGF-I and -II) and insulin are structurally related polypeptides that are widely distributed in many tissues including neural tissue. In the CNS, these pep tides are pre sumed to play a role in neural growth and differen tiation. These functions are presumably mediated by virtue of specific binding to three distinct cell surface receptors, the IGF-I receptor, IGF-II recep tor, and insulin receptor. The type II receptor is unrelated to the IGF-I and insulin receptors and appears to be identical to the human cation independent mannose 6-phosphate (man6P) recep tor (Morgan et aI., 1987; Balasubramanian, 1988; MacDonald et aI., 1988) , which mediates intracel lular and extracellular targeting of lysosomal en zymes (reviewed by Dahms et aI., 1989) . This re ceptor posesses separate but cooperative binding sites for both IGF-II and man6P (Roth et aI., 1987) . The binding of IGF-II to its respective site on the IGF-II1man6P receptor elicits a multitude of re sponses including stimulation of DNA synthesis (Blanchard et aI., 1988) , increased amino acid up take (Ballard et aI., 1986; Kiess et aI., 1987) , en hancement of calcium influx (Obberghen-Schilling and Pouyssegur, 1983) , and activation of G proteins (Okamoto et aI., 1990a,b) . Recent work suggests that the IGF-II1man6P receptor may play a role in integrating multiple growth-promoting signals (Mathieu et aI., 1990 ). The present study utilizes an antiserum raised to the IGF-Il receptor to evaluate changes in this receptor in brains from rats sub jected to permanent MCAO. This antiserum has been characterized extensively and is highly spe cific for binding the IGF-Il receptor (Kiess et aI., 1987; Gelato et aI., 1988) .
MATERIALS AND METHODS
Thirteen male SHR (250-300 g) were subjected to focal cerebral ischemia by permanent MCAO according to the method of Brint et al. (1988) . This method produces a well-circumscribed reduction in perfusion of the MCA territory, with resulting infarction that is consistent in size and placement in SHR (Chen et aI., 1986; Brint et aI., 1988) . The right MCA was exposed via a subtemporal craniotomy, preserving the zygomatic arch so that the rats could feed after surgery. The MCA was electrocau terized at approximately the level of the rhinal fissure. The occlusion was located immediately distal to the len ticulostriate branches such that the resulting infarction would be restricted to the neocortex. At 4 (n = 5) and 7 (n = 8) days following occlusion, animals were perfused transcardially with phosphate-buffered saline, followed by periodate lysine paraformaldehyde. The brains were excised, postfixed by immersion in the same fixative for 24 h, cryoprotected, and snap-frozen in liquid nitrogen cooled isopentane.
Serial lO-fJ-m-thick coronal cryosections were taken at the level of the lateral septum and striatum (rostral to the point of electrocauterization). Some animals were evalu ated at additional levels of the infarct. Sections were stained with cresyl violet for Nissl substance, with hema toxylin and eosin (H&E), and by modified Bielschowsky silver (after postfixing in 10% buffered formalin for 4 h).
Antiserum directed to IGF-II receptor (used at 1: 1 ,000) Ramon, CA, U.S.A.).
Immunocytochemistry employed the avidin-biotin per oxidase system (ABC system; Vector Labs, Burlingame, CA, U.S.A.) with 0.05% diaminobenzidine + H 2 0 2 as a chromogen. The region of infarction showed a great deal of nonspecific staining when using monoclonal antibod ies. This is likely due to the presense of endogenous al bumin proteins within the infarct as described in a previ ous study (Chiamulera et a!., 1993) . To help reduce this background, sections were pre incubated in avidin-biotin block (Vector Labs) prior to incubation in monoclonal antibody. The specificity of each antibody was confirmed by evaluating the staining pattern in the nonlesioned area on the same tissue section. Negative controls included incubating sections with rabbit serum as a substitute for the primary antiserum or with blocking buffer (10% nor mal horse serum, 1.5% rat serum in phosphate-buffered saline) as a substitute for monoclonal antibodies. Positive controls included staining sections with antisera directed against other, nonrelated proteins. Most immunostained sections were counterstained with hematoxylin to delin eate the cytoarchitecture.
RESULTS
Permanant MCAO produced a large, well-de marcated zone of infarction extending throughout the rostrocaudal extent of the neocortex. At 7 days postocclusion, the infarcted tissue lacked Nissl stained neurons (Fig. lA, F ) and appeared uni formly eosinophilic in H&E-stained sections (Figs. I C). This region sometimes showed the pres ence of a few pyknotic eosinophilic neurons with a marked pallor of the nucleus that appeared to cor-
MCAO produces a large cortical infarct that displays a characteristic histological profile. Histology of the cortex at 7 days following occlusion is illustrated. Cresyl violet staining for Nissl substance (A, e, F), H&E staining (C, 0), and modified Biel· schowsky silver staining (E) are illustrated in the ischemic core (A, C, E) and in the contralateral cortical hemisphere (B, D).
Shrunken eosinophilic neurons could sometimes be observed with H&E (C; arrow). The open arrow illustrates a blood vessel. The small asterisks in C and D highlight necrotic vacuoles. E: Argentophilic neurons and dendrites can be observed in the ischemic core. F: A coronal section of the forebrain shown at a low magnification; arrows outline the border of the infarct. The large asterisk corresponds to the ischemic core and is the region highlighted at a higher magnification in Figs. 2-4. Scale bar = 50 fLm (A-E) and 1,250 fLm (F).
respond to "ghost neurons" (Fig. Ie, arrow) . This pathology was clearly distinguished from the histo logical profile seen on the contralateral nonischemic cortical hemisphere (Fig. IB, D) . The core of the infarct showed distinctive coagulative necrosis characterized by infiltration of mononuclear and polymorphonuclear cells as well as increased vascu larization and dilated blood vessels. Infiltration was more extensive at 4 than at 7 days postocclusion; in addition, cerebral edema was more evident at 4 days. Evidence of monocyte/macrophage infiltra tion was confirmed in sections immunostained with anti-ED 1, a monoclonal antibody made to rat pe ripheral monocytes that localize in the brain to mac rophages and end-stage activated microglia (not shown). A clearly defined zone, which may have corresponded to a penumbral zone, could be ob served at the border of the tissue supplied by the MeA and either the anterior cerebral artery at the dorsomedial aspect of the infarct or the posterior cerebral artery along the ventrolateral aspect. As trogliosis, identified with anti-GF AP immunostain ing, was observed at the periphery of the infarct (not shown). Within the core of the infarct, how ever, no GFAP immunoreactivity was observed. The observation of an absence of this astrocyte marker suggests that there is degeneration of this very plastic cell type in this model and highlights the severity of the insult. Negative control sections for mouse monoclonal antibodies that were incu bated with second antibody showed a relatively high amount of nonspecific staining within the in farcted area. This nonspecific staining appeared as diffuse brown stain throughout the neuropil, which is most likely attributed to cross-reaction of mouse second antibodies with extravasated rat im munoglobulins as has been described previously (Schmidt-Kastner et aI., 1993) .
Modified Bielschowsky silver staining demon strated argentophilic neurites, axonal spheroids, and neuronal cell bodies particularly concentrated at the periphery of the infarct. Within the core of the infarct, large patches of punctate granular silver deposits were observed (not shown), in addition to a variable number of silver-stained neurons (Fig.  IE) . There was evidence of degeneration of com missural fibers since the contralateral cortex showed increased silver staining of axons and den drites in the motor and somatosensory areas and not in the piriform or cingulate cortices.
Immunocytochemistry of the IGF-II receptor showed a striking staining pattern within the core of the infarct in virtually all animals tested. Strong staining highlighted the presense of morphologically distinct neurons (Figs. 2B and 3A) . These neurons were not stained in sections incubated with immu noperoxidase label alone (not shown). Immunore active neurons most often displayed a typical pyra midal morphology. The most intensely stained neu rons appeared to be concentrated in presumptive layers III and V (Fig. 2B) . Immunopositive neurons appeared clustered in regions located within the ne crotic core; in these regions the stained neurons appeared to comprise the majority of the neuronal population, as determined by comparing the density of neurons with that observed on the contralateral side. These regions were pale in Nissl-stained sec tions (Figs. I A and 2A ) and contained sparsely dis tributed, small nuclei that appeared to correspond to glia (Figs. IA and 2A) . Immunoreactive neurons were not surrounded by phagocytic nuclei. The staining pattern of immunopositive neurons ap peared punctate within the cytoplasm (Fig. 3e, ar  rows) . Specific immunoreaction product could be observed within individual perikarya and, to· some extent, in apical and basal dendrites immediately proximal to the cell body (Fig. 3A, e) . The penum bral regions of the infarct did not express immuno positive neurons.
IGF-ll receptor-immunoreactive neurons could be detected in all 13 brains, although they were much more prominent at 7 days postocclusion, since many of the 4-day-postocclusion animals showed infarcts that were almost completely infil trated with monocytes/macrophages. IGF-ll recep tor-positive neurons occupied a region that was sep arate from the area of coagulative necrosis. In non lesioned tissue within the same section, IGF-II receptor immunoreactivity was almost undetect able; where it could be detected, staining was asso ciated with neurons (Fig. 3B, D) . Figures 3B and D illustrate IGF-II receptor immunoreactivity in the cortex contralateral to the infarct. There was clearly an increase, accumulation, or overexpres sion of IGF-II receptor within neurons in the isch emic zone compared to neurons in nonischemic brain regions (compare Fig. 3A and B and Fig. 3e  and D) . Glial cells were not immunoreactive within the core of the infarct. At the periphery of the in farct, however, macrophages were found to be im munoreactive (not shown). The morphology of this nonneuronal IGF-II receptor immunoreactive cell was indistinguishable from that defined by the mac rophage marker, anti-ED 1. Not all macrophages ap peared immunoreactive and the staining intensity was much less than that observed in the neurons within the ischemic core.
The observation of intensely immunoreactive neurons for IGF-II receptor within the ischemic core was an unexpected finding given the fact that conventional histologic stains show the virtual ab sence of neurons in this area. Bielschowsky silver stain did, however, reveal the presence of darkly stained neurons within this zone that were often pyramidal in morphology (Fig. IE) . Comparison of near-adjacent silver-stained sections with im munostained sections suggested that the IGF-II immunoreactive neurons appeared to correspond to the same population of neurons that were labeled with silver stain. Tyrosine hydroxylase immunore activity, which was observed as fine, varicose stain ing of the neuropil in nonlesioned cortex, was not detected within the infarct (not shown). The cyto solic protein NSE was not detected in the ischemic core (Fig. 3E) ; neurons within nonlesioned tissue expressed NSE immunoreactivity with the pre dicted cytoplasmic staining pattern (Fig. 3F) . This observation is consistent with the loss of NSE fol lowing focal ischemia described by others (Harde mark et aI., 1988; Hatfield et aI., 1992 
DISCUSSION
We demonstrate a striking increase in IGF-II re ceptor immunoreactivity within ischemic neurons in rats subjected to permanent MCAO. Neurons ex pressing IGF-II immunoreactivity were observed in all animals tested at both 4 and 7 days postocclu sion. The punctate distribution of immunoreaction product observed within IGF-II receptor-positive neurons is consistent with localization to the Golgi apparatus. The type II IGF receptor (Hartshorn et aI., 1989) and man6P receptor (Brown and Farqu har, 1984; Geuze et aI., 1984) have been localized to the Golgi region in other cell types.
The observation of morphologically distinctive pyramidal neurons, defined by IGF-II receptor an tisera, was a surprising and unexpected result, since conventional histological cell stains showed a vir tual absence of neurons in this region. Previous studies have not focused on neurons at this rela- , 1993) . The morphology and distribution of silver-stained neurons in our own study are con sistent with those observed by Czurko and Nishino (1993) , who demonstrated groups of Golgi-like dark pyramidal neurons in the ischemic cortex up to 3 days following I h of transient focal cerebral isch emia. The profile of immunoreactivity for the IGF-ll receptor described in the present study might be attributed to a nonspecific staining pattern that is unrelated to the IGF-ll receptor or to the patholog ical insult. We consider this to be highly unlikely for several reasons. First, nonspecific staining as de fined by the profile observed with immunoperoxi dase label alone exhibited a diffuse, light pattern throughout the neuropil, unlike the distinctive neu ronal labeling observed with IGF-ll receptor anti sera. Second, staining with this antiserum in other tissues (Stephenson, unpublished observations) re vealed immunopositivity that was consistent with areas known to express this receptor by other cri teria [e.g., anterior pituitary (Goodyer et a!., 1984) ]. And third, there was a clearly observable difference in immunoreactivity profiles in the contralateral nonlesioned cortex compared to the ischemically injured cortex. Finally, punctate Golgi-like staining is consistent with the distribution of IGF-II1man6P receptor in nonneuronal cells.
Although the present study did not evaluate a time course of progression of IGF-ll receptor immunoreactivity, other studies suggest that ex pression of this receptor in ischemic neurons is a transient reaction. At longer time points following permanent MCAO, it is known that necrosis pro gresses to the point of producing a scar-like retrac tion, gradual elimination of necrotic material, and edema reabsorbtion. By 30 days postocclusion, ne crotic tissue is no longer detected in either gross or histologic tissue sections, the inflammatory infil-trate is resolved, and connective tissue is removed, leaving a large area of cavitation or glial scar (Clark et aI., 1993) .
The observation of increased immunoreactivity for the IGF-II receptor in ischemic neurons might be due to an increase in protein synthesis, the un masking of IGF-ll receptor epitopes, or an accumu lation of this receptor as a result of the ischemic insult. Previous observations suggest that the mech anism accounting for the increase in IGF-ll recep tor is due to increased mRNA and protein synthesis following ischemia. IGF-ll, IGF-Il mRNA, IGF binding protein 2 mRNA, and IGF-ll receptor have been reported to be expressed in the ischemic hemi sphere following MCAO (Lee et aI., 1992a; Lee and Bondy, 1993) . Specific hybridization with a cRNA probe for the IGF-ll receptor was observed in the infarct core. The results of this study further sub stantiate our own observations and lend support to the hypothesis that upregulation of IGF-Il receptor occurs following ischemia.
Although it is generally accepted that neuronal protein synthesis comes to an abrupt halt shortly following an acute ischemic insult (Mies et aI., 1991) , particular proteins have been shown to be upregulated at the level of both mRNA and protein following MCAO. Inhibition of protein synthesis re duces the size of the infarction produced by focal cerebral ischemia (Linnik et aI., 1993) , suggesting that protein synthesis contributes to cell death. Cer tain proteins are upregulated in neurons following permanent occlusion; many of them have been in vestigated in models of transient occlusion. These include proteins involved in cellular defense mech anisms such as heat shock proteins (Kinouchi et aI., 1993; Li et a!., 1993; Nowak and Jacewicz, 1994) , immediate early genes such as c-fos (Abe and Kogure, 1993; Kiessling and Gass, 1994) , and certain growth factors such as basic fi broblast growth factor (bFGF) (Kumon et aI., 1993) . With the exception of the bFGF receptor, which has been shown to be upregulated following transient global ischemia (Takami et aI., 1993) , growth factor receptors have not, to our knowl edge, been investigated in these models; these pro teins may very well belong to the above class of agents known to increase in neurons following focal ischemia.
Growth factors and cytokines appear to play a role in the molecular cascade regulating synapto genesis in ileurodevelopment and reinnervation fol lowing neurodegeneration. Many of these mole cules are selectively expressed in the developing nervous system, are absent in the normal adult CNS, and become reexpressed under pathophysio-logical conditions. Two studies suggest that axonal sprouting and synaptogenesis occur after focal in farction. Stroemer et al. (1993) demonstrated in creased GAP-43 immunoreactivity in and around the ischemic cortex at 1 week following permanent MCAO, the same conditions as used in the present study. In a separate study the same investigators showed that synaptophysin immunoreactivity was likewise elevated (Stroemer et aI., 1992) . These data suggest that anatomical plasticity occurs in the cortex following stroke. Indeed, it has been sug gested that a substantial part of functional recovery following stroke must be attributed to brain plastic ity (Johansson and Grabowski, 1994) The majority of investigations on IGFs has fo cused on development (Beck et aI., 1987; Valentino et aI., 1990; Lee et aI., 1992b) , and few studies have evaluated changes in IGFs under conditions of le sion. IGF-lI, IGF-ll mRNA, IGF binding protein 2 mRNA, and IGF-ll receptor have been reported to be expressed in activated macrophages of the isch emic hemisphere following MCAO (Lee et aI., 1992a) . In that study, which used autoradiography and in situ hybridization in combination with immu nocytochemistry, positive expression was observed in macrophages at the periphery of the infarct. Our study also found positive staining of macrophages using IGF-ll receptor antisera. The study by Lee et al. observed hybridization in the infarct core with a cRNA probe for the IGF-II receptor but did not ad dress whether neurons might be present and also express this signal. Entorhinal cortex lesions have been shown to induce a dramatic bilateral increase in the binding of 125 I_IGF_1I between day 1 and day 98 in most layers of the hippocampal formation (Kar et aI., 1993) . Although these studies have suggested glial localization of IGF-ll receptors, neuronal lo calization cannot be excluded using the techniques employed in the above studies. Regardless of which cell types express the IGF-ll receptor, these past studies, combined with the results reported in the present investigation, suggest that IGF-ll and its receptors, along with other growth factors, may participate in the mechanisms associated with le sion-induced degeneration and reaction to injury.
IGFs have been shown to exert neuroprotective activity in a variety of in vitro and in vivo systems. IGF-I and IGF-ll protected cultured embryonic rat hippocampal and septal neurons against glucose de privation-induced injury (Cheng and Mattson, 1992) . Neurite outgrowth is enhanced in a dose dependent manner by insulin and IGF-ll in sympa thetic cell cultures (Recio-Pinto et aI., 1986) and in human neuroblastoma cells (Recio-Pinto and Ishii, 1984) . IGF-I protected hippocampal neurons against ischemic injury in vivo (Gluckman et aI., 1992; Zhu and Auer, 1994) . It will be of interest in the future to investigate the distribution of other growth factors and their receptors in this model and, more importantly, to evaluate the potential therapeutic role of trophic factors in preventing or reducing stroke-induced neurodegeneration.
